Abstract-In this work, the design, fabrication and characterization of a 3-D printed microwave patch antenna is presented. The antenna is fabricated by combining fused filament fabrication method for the dielectric part and ultrasonic metal wire mesh embedding approach for the conductor part. Full wave finite-element simulations for different wire mesh structures and also the entire antenna have been done to make sure the embedded wire mesh has good performance at microwave frequency. A microstrip patch antenna working around 7.5 GHz is printed and characterized to demonstrate the efficiency and accuracy of this technique. The measured reflection coefficient shows a good resonance peak at 7.5 GHz. The measured gain of this antenna is 5.5 dB at the resonance frequency. Good agreement between simulation and measurement is obtained in both reflection coefficient and radiation pattern.
I. INTRODUCTION
A DDITIVE manufacturing (AM), often called 3-D printing creates products layer by layer additively rather than conventional manufacturing technique by removing parts from a larger piece of material. It has received much attention recently with impressive demonstrations ranging from musical instruments [1], to vehicles [2] , to housing components [3] or even entire buildings [4] . Different material such as polymer [5] , metal [6] , ceramics [7] , concrete [8] and even biological tissues [9] have been printed by various 3-D printing technologies. Although it has been argued that 3-D printing could be the future of manufacturing, the potential and applicability of these methods for creating functional antennas at RF / microwave frequency have yet to be thoroughly explored. The major advantage of using 3-D printing technologies to fabricate microwave antennas include rapid realization of designs without going through conventional processes such as machining and photolithography, ease of realizing complex geometry such as 3-D conformal shapes, special tailored dielectric properties such as gradient index structures, etc. In previous work, an electrically small antenna fabricated by conformal printing of conductive ink on 3-D surfaces has been demonstrated at 1.7 GHz [10] . However, in order to achieve a high conductivity comparable to regular metal, the conductive ink used in this paper was heated to a high temperature of for annealing process. Moreover, 3-D printed antennas with dielectric and metal together have also been demonstrated. For example, in [11] , a meander line antenna working at 1.1 GHz was fabricated by printing conductive ink on a 3-D printed polymer substrate, the conductive ink is cured at to improve the conductivity, but without high temperature sintering process, the conductivity of the conductive ink can achieve about only one-tenth of pure metal. This lower conductivity of the radiation part would increase the conductive loss of antenna and decrease the antenna efficiency.
In this work, a microstrip patch antenna operating around 7.5 GHz manufactured entirely by additive manufacturing techniques is demonstrated. The conductive part of the antenna (i.e., the microstrip patch and the ground plane) is realized using an ultrasonic embedded wire mesh structure which works as good as regular metal sheet at microwave frequency avoids the commonly required annealing process at high temperature. The dielectric part of the antenna (i.e., the antenna substrate) is printed by the fused deposition modeling (FDM) method [12] . A seamless integration procedure of these two techniques has been developed which allows robust and flexible 3-D printing of passive microwave components and potential microwave systems. Compared to other 3-D printed antenna using conductive ink [11] , [13] , this method achieves satisfactory high frequency performance while avoiding the high temperature metal sintering process which may induce deformation or damage of the dielectric substrate and prevent potential integration of active semiconductor devices. Moreover, compared to standard PCB technique that metal can be only fabricated on a planar surface, this embedded wire mesh method can be applied to any surfaces including curved ones and enable 3-D conducting structures. Therefore, the presented 3-D printing of both dielectric and conductor constituents may lead to advanced 1536-1225 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. and high performance microwave structures and systems which are challenging to fabricate using conventional techniques.
II. MICROSTRIP TRANSMISSION LINE AND ANTENNA DESIGN
Our previous work has shown that the implementation of conducting traces using embedded wire works very well for DC and low frequency interconnects [14] . At microwave frequency, wire mesh based structures fabricated with conventional etching or 2-D printing technique have also been successfully used to replace the solid metal sheet for antenna and electrode applications [15] - [17] . In this work, to evaluate the proposed 3-D printing of microwave components consist of dielectric and conductor, microstrip transmission lines are studied since they are one of the most representative building blocks of microwave structures. A 50-microstrip line structure on a 2.4 mm thick thermoplastic substrate (i.e., Polyethylene) with a dielectric constant of 2.4 is designed and simulated using full-wave finite element simulations (Ansys HFSS [18] ). As shown in Fig. 1 , both the top conducting trace and the ground plane of the microstrip is made of embedded metal wire mesh. The width of the microstrip is designed to be 8 mm to obtain 50-characteristic impedance. The length of the microstrip line is 50 mm. The wires used have a diameter of 0.5 mm. As discussed in section 3, the ultrasonic wire embedding process developed here allows wire diameters ranging from m to m. The transmission responses of this microstrip with different wire mesh spacing ranging from 1 mm to 4 mm are simulated to determine the optimum wire mesh configuration. The results show that 1 mm and 2 mm spacing wire mesh based microstrip transmission line works very well without performance degradation compared to the ideal conventional microstrip in the entire frequency range considered from 2 to 20 GHz. Furthermore, the wire embedding technique combined with 3-D printed dielectrics can easily achieve vertical connections such as through substrate vias, hence realizing multi-stage vertically integrated circuits.
Based on the simulated microstrip line results, a wire mesh microwave patch antenna is designed. Patch antenna can be viewed as a half wavelength microstrip transmission line resonator. For more performance margin, the 1 mm wire spacing is chosen to make sure the wire mesh works as close as normal conductor sheet. The schematic picture of the microwave patch antenna using the embedded wire mesh technique is shown in Fig. 2 . Both bottom ground plane and top patch radiator are made of wire mesh. The diameter of the wire chosen here is m The substrate of the antenna is Acrylonitrile butadiene styrene (ABS) which is one of the most common materials used for FDM method. The dielectric constant of the ABS is 2.7 and loss tangent is 0.01 [19] . The dimension of the substrate is mm mm mm The size of the top patch radiator is mm mm. The patch antenna is probe-fed [20] through the ABS substrate using a coaxial SMA connector from the bottom of the antenna. Fig. 3(a) plots the HFSS simulated reflection coefficient of this antenna designed with a center frequency of about 7.5 GHz. Fig. 3(b) shows the simulated co and cross-polarization radiation patterns of this wire mesh patch antenna at the resonance frequency. For comparison, the simulated reflection coefficient and radiation pattern of a patch antenna made of regular metal sheet with the same geometry are also plotted in the same figure.
One can see that the simulated performance of the wire mesh based antenna agrees very well with the antenna made of regular metal, indicating that the wire mesh structure with 1 mm spacing has good performance just like regular metal for the designed microwave frequency range.
The simulated antenna directivity, gain and realized gain of the wire mesh patch antenna versus frequency are shown in Fig. 4 . At the resonance peak of 7.6 GHz, the simulated directivity and gain of the antenna is 6.24 dB and 5.38 dB, respectively, corresponding to an antenna radiation efficiency of 84%. With a substrate made of thermoplastics with a lower loss tangent than 0.01 (e.g., polycarbonate with loss tangent of 0.005 or graft polymer with loss tangent of 0.001), higher antenna gain and radiation efficiency can be obtained.
III. 3-D PRINTING OF THE DESIGNED PATCH ANTENNA
The 3-D printed patch antenna was created using the Multi Manufacturing System-the development of which is underway at the University of Texas at El Paso and funded by America Makes, Youngstown Ohio. The enhanced manufacturing technology utilizes ultrasonic and thermal embedding for submerging wire and wire meshes into 3-D printed thermoplastics. With wire meshes that can be submerged into the conformal, geometrically complex thermoplastic surface during fabrication, this technique can enable novel, high performance, volume-efficient RF applications.
3-D printing by its nature is a non-homogeneous process. Due to the ultrasonic embedding process, as well as the small physical size of the patch antenna, the material fill percentage is predicted to be greater than 95%. Also, some typical dimensional tolerances for common 3-D printers are described in more detail in [21] . This 3-D printed patch antenna was designed for printing in SolidWorks and then transferred to an appropriate STL slicing suite for printing. The thermoplastic base was then printed in a Stratasys FDM3000 with ABS thermoplastic produced by Stratasys. The Stratasys FDM3000 was outfitted with T16 printing tips calibrated to produce a printed raster of m and utilized a print temperature of and a build envelope of . The accuracy of the FDM technique is reported to be less than 0.13 mm [22] . The final design was optimized so that the thickness between the two mesh planes was 3.2 mm. Therefore, the initial ABS dielectric was constructed to be 3.556 mm thick to allow full embedding of the copper mesh. Both the top plane and ground plane copper meshes ( m spacing, m wire dia.) in this work were embedded ultrasonically using a custom gantry mounted large area ultrasonic IV. ANTENNA TESTING AND RESULTS Fig. 5 shows the picture of a printed antenna sample. The feeding is using a SMA connector at the back of the antenna. The SMA center conductor is inserted into the substrate and soldered to the patch antenna top radiator. The antenna -parameter and radiation patterns are measured using a vector network analyzer (Agilent E8361A).
The measured reflection coefficient of the antenna is shown in Fig. 6 , together with the simulation results. A clear resonance peak at 7.5 GHz can be observed in the measured data which agrees very well with the simulation predicated results. The measured reflection coefficient at the resonance frequency is dB. The measured H-plane (YZ plane in Fig. 2 ) radiation pattern of the antenna at 7.5 GHz is plotted in Fig. 7 , together with the HFSS simulated results for wire mesh and ideal conductor based patch antenna. The measured realized gain of the patch antenna is 5.5 dB and the half-power beam width (HPBW) is 114-degree. Again, the agreement between measurement data and simulation results are very good.
In Fig. 8 , the measured and simulated antenna realized gains at broadside versus frequency from 7 GHz to 9 GHz are compared. The measured antenna realized gain of the printed patch has a maximum value of 5.5 dB at 7.5 GHz and ranges from 5.12 dB at 7 GHz to 1.28 dB at 9 GHz. The agreement between the simulation and measurement results are reasonable. The small discrepancy away from the resonance frequency between the simulation and measurement is probably caused by the polymer material property variation and fabrication tolerance of the embedded metal wire. In summary, these simulated and measured results have confirmed that the wire mesh process works well for the implementation of microwave patch antennas.
V. CONCLUSION
This work demonstrates 3-D printing of microwave patch antenna by combining fused deposition modeling method with ultrasonic metal wire mesh embedding. No metal sintering or any other high temperature conductor printing process is needed and the printed metal wire mesh working as well as regular metal sheet is proved in both simulation and measurement. Measurement results show that the gain of this patch antenna is 5.5 dB at the resonance peak. Good agreement between experiment and simulation is achieved in both reflection coefficient and radiation pattern. Compared to traditional patch antenna fabrication method, this 3-D printed antenna can be fabricated with lower cost and the fabrication process is more convenient and faster. This demonstrated 3-D printing process of both dielectric and conductor can be applied to the 3-D printing of more sophisticated EM structures for microwave applications including both conventional components and new types of 3-D systems such as vertically integrated phased arrays that are difficult to fabricate using conventional techniques.
